Gauge-mediated SUSY breaking is an attractive model both theoretically and experimentally. In this paper, gauge-mediated SUSY breaking signatures studied with the OPAL experiment are summarized.
Introduction
The Standard Model (SM) of particle physics describes presently known phenomena successfully, and no distinct deviations from the SM have been confirmed. We, however, expect the SM will be extended to explain phenomena such as the electroweak symmetry breaking, baryon asymmetry and missing mass of the universe. The successful supersymmetry (SUSY) not only solves the above problems, but also provide consistent predictions with the existing experimental results. It's essential to observe a SUSY particle expected in the theories to verify the supersymmetry.
In the gauge-mediated SUSY breaking (GMSB) model
?? , our world consists of three sectors, hidden sector responsible for SUSY breaking and visible sector composed of the SM particle and their super partners, and the messenger sector, which is responsible for the communication of the SUSY breaking effects into the visible sector. The SUSY particle mass spectrum is controlled by known gauge interactions. Consequently the first and second generation particles are degenerate in their masses, and dangerous flavor changing neutral currents can be avoided.
In the minimal case, the low-energy phenomenology can be described by six parameters,
The effective SUSY breaking scale, Λ, determines the whole SUSY particle mass scale. The SUSY particle masses depend on the messenger scale M only logarithmically, and sfermions (gauginos) become light as M is small (large). The parameter tan β affects the mixing between left-and right-handed sfermions, and the case µ < 0 gives a larger mixing than the case µ > 0 in the notation of positive trilinear terms.
One of the most important features of GMSB models is the fact that the gravitino is very light and becomes the lightest supersymmetric particle (LSP) while its coupling to the SUSY particle is enhanced. This is because the SUSY breaking scale F is low, comparing to that of the gravity-mediated models, to give m soft the right order of magnitude. The gravitino mass is given by
eV, where M P = 2.4 × 10 18 GeV is reduced Planck mass. The decay length of the next-to-LSP (NLSP) depends on the gravitino mass (SUSY breaking scale),
The κ γ is the bino component of neutralino and is unity for sleptons. Expected experimental topologies are changed by the gravitino mass. The NLSP might decay very close to the e + e − interaction point ("short lifetime") or in tracking detector volumes ("intermediate lifetime") or outside of the detector ("long lifetime").
GMSB models provide some different collider signatures from those of the gravity-mediated models. Various analyses sensitive to the GMSB signatures have been performed by the LEP and Tevatron experiments ?? , but no indication has been observed in spite of their efforts. In this paper, the GMSB topologies studied at the OPAL experiment are introduced briefly. Some details of analysis techniques and results have been published on Refs ???? .
GMSB signatures at
The GMSB models have a very predictive mass spectrum, and the NLSP is the lightest neutralino or sleptons in the most of parameter space. The masses of the first and second generations are degenerate while the third generations can be lighter than the others due to their large Yukawa couplings. Thus the lightest stau can solely become the NLSP if tan β is enough large. Table ? ? shows expected signatures with the different NLSP type and its lifetime.
In the OPAL experiment, both the NLSP and the next-to-NLSP (NNLSP) signatures are considered. The NNLSP production events usually have less 
background than those of the NLSP, and especially higher discovery potential in case of the NNLSP masses being close to the NLSP.
NLSP productionsχ
In case of the NLSP with short lifetime, main background are ννγ(γ) and ℓ + νℓ − ν forχ 0 1χ 0 1 and ℓ + ℓ − productions, respectively. The selection efficiency becomes high due to the "unbalanced" event shape as the NLSP mass is close to the beam energy (i.e. produced almost at rest). Theχ 
and the hadronic interaction with the detector material. Hadronic interactions and two-photon backgrounds are not well simulated, and are reduced by applying tight selections. In case of the slepton decaying out of the detector, tracks with anomalous ionization energy loss dE/dx can be observed. There is nearly zero background since the variable, dE/dx, is very powerful to separate the signal from the SM background. The selection efficiency is kept around 80 %. Only one event with anomalous dE/dx was observed with data of the luminosity ∼ 680pb −1 taken at √ s = 183-208 GeV. If neutralino is pair-produced and they decay outside of the detector, nothing can be observed. The NNLSP productions might be available in this case. For instance, the analysis of two leptons plus missing energy has a sensitivity for ℓ + ℓ − production with long lifetime neutralino NLSP.
NNLSP productions : neutralino NLSP
When the above processes occur, two photons plus something (X) with missing energy can be observed. Requiring the two energetic isolated photons is very effective for distinguishing the signal from the background. Dominant faked signal photons are initial and final state radiative photons, and Bremsstrahlung photons. As the mass difference between the NNLSP and NLSP, ∆M , is large, the sensitivity becomes low due to small photon energy and missing energy. In the minimal GMSB,χ 1 is suppressed, some of these NNLSP productions might be effective.
NNLSP productions : slepton NLSP
If the neutralino and sleptons (stau) are degenerate in their masses, the above processes play an important role. The NNLSP particle predominantly decays into the NLSP and its SM partner rather than decay into gravitino directly if it is kinematically allowed.
The 4-lepton analysis has a good sensitivity if the mass difference between neutralino and sleptons is roughly greater than 1 GeV ? . The 6-lepton final state is possible in case of the stau sole-NLSP (i.e. τ For the intermediated lifetime, the efficiency usually becomes lower than that of the short lifetime NLSP because the selection is tighten to reduce much two-photon and non-SM background.
Summary
The gauge-mediated SUSY Breaking model is attractive at both theoretical and experimental points. We have studied most of possible topologies and kinematics in GMSB models using high energy data, although no significant excess has been observed. All analyses and interpretation method has been already established. The all final results and the interpretation within the minimal GMSB model will be published.
